Introduction
Phosphorus plays an essential role in agri-and horticulture but also causes eutrophication of natural water. From a biomedical point of view, phosphorus is an essential nutrient for multiple and diverse biological functions, including cellular signal transduction, mineral metabolism, and energy exchange. While the predominant portion of total body phosphorus is stored in the bones and teeth, intracellular phosphorus exists in the form of organic compounds such as adenosine triphosphate (ATP) and as free anions such as monohydrogen phosphate (HPO 4 2- ), which are commonly referred to as phosphate.
Plasma phosphorus primarily occurs in the form of inorganic phosphate, whose speciation is pH dependent.
The diversity of applications stimulated a considerable amount of research to develop robust sensors for the phosphate monitoring in clinical and environmental samples. Flowinjection analysis (FI) [1] [2] [3] , colorimetric methods [4] [5] [6] [7] and electroanalytical techniques [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] have been explored to this end. In view of chemical sensor applications, considerable effort has been put to design and synthesize new receptor molecules capable of the chemical recognition of different phosphate species. In addition to the uranyl salophene receptors discussed further below, cobalt phthalocyanine [15] bis(dibenzyltin)oxide [13] , zwitterionic bis(guanidinium) [16] , 3-decyl-1,5,8-triazacyclodecane-2,4-dione (N3-cyclic amine) [17] , bis(p-methylbenzyl)tin dichloride [18] , tris(3-chlorodimethylstannylpropyl)chlorostannane [19] , bis(dichloromethylstannylpropyl)dichlorostannane [19] , 1,3-bis(chlorodimethylstannyl)-propane [19] , hexyl p-trifloroacetylbenzoate [20] , 3-(10-undecyl)-1,5,8-triazocyclodecane-2,4-dione [21] , and vanadyl salophene [22] have been proposed for phosphate recognition.
Due to the speciation of phosphate forms only a few analytical techniques can be applied for speciation selective phosphate analysis. Most of them are able to determine total phosphate concentration in the sample. Among the large palette of analytical techniques available, ion-selective electrodes (ISEs) and their ion-selective fluorescent bulk optode counterparts are key techniques capable to distinguish the phosphate forms and measure the activity of free ions in the sample. ISEs have routinely been used for clinical analysis purposes. Although ISEs and bulk optodes are constructed using the same family of receptors (ionophore, ionic sites) [23] they are based on different response mechanisms [23] . Bulk optodes utilize a mass transport process and follow coextraction and complexation chemistry principles. Optodes are doped with two ionophores, suspended in an appropriate inert polymeric material. While one of the ionophores binds the ion of interest, the second acts as receptor for protons and exhibits spectral properties. The sensor responses based on a competitive or cooperative binding of protons and analyte.
The measuring range of optode sensors can be easily tuned to the desired range by varying the composition or/and experimental conditions [23, 24] .
The possibility of highly advanced sensor miniaturization, which translates into shorter response times and smaller required sample volume are an advantage of optical microspheres over ISEs. Such optode microspheres are compatible with numerous techniques and platforms such as optical fibers [25] or analytical flow cytometry [26] . So far, various microsphere based optode have been reported in the literature [25, [27] [28] [29] [30] .
They were successfully applied for the determination of different samples, including in trace analysis [29, 30] .
The goal of this study was to design phosphate selective microsphere optical sensors in view of realizing a suspension array based total clinical analysis system. For the purpose of this study, two electroneutral derivatives of uranyl salophene, originally introduced in Reinhoudt's group, were of particular interest [31] [32] [33] [34] [35] . Here, t-butyl-and methylsubstituted uranyl salophene compounds (phosphate ionophore I and II, respectively)
were applied for the optode-sensor fabrication with the combination of two chromoionophores of different basicity (ETH 5294 and ETH 5350). Optode films and optode microspheres were optimized and applied to the determination of dihydrogen phosphate in diluted sheep blood.
Experimental
Reagents. Particle preparation. Fluorescent microspheres were prepared using a sonic particlecasting apparatus [28, 30] . Procedures. Thin optode films and microspheres were equilibrated in 30-mL sample solutions for about 30 minutes before measurement. Calibration curves were recorded in 10 -6 -10 -1 M buffered NaH 2 PO 4 solutions at pH 4.7 and 7.0. Selectivity coefficients were evaluated using the separate solutions method (SSM) as the horizontal distance between logarithmic activities of primary and interfering ions at α = 0.5 and at pH 4.7 and 7.0, as established [23, 37] . The exposure time for the fluorescence data acquisition was 300 ms.
Full protonation and deprotonation spectra of the chromoionophore ETH 5294 and ETH 5350 were recorded at 10 mM HCl and 10 mM NaOH, respectively. Ratiometric measurements were performed by comparing the fluorescence emission peaks at 678/648 nm (ETH 5294), and 667/610 nm (ETH 5350).
Measurements in blood.
The blood samples (HemoStat Laboratories, Dixon CA) were stored at 4°C. An aliquot (1 or 5 mL) of blood was placed into a polypropylene beaker with or without standard addition of a measured amount of sodium dihydrogen phosphate, and diluted to 100-mL with MES buffer.
Results and discussion
Our aim is design robust particle based optodes for the selective determination of dihydrogen phosphate ions. Although much effort has been devoted to phosphate sensor fabrication and various ligands have been proposed for this purpose, the resulting sensors were often found to suffer from either transient, non-Nernstian response characteristic or a very limited life-time. Here, two promising salophene-based neutral carriers formerly characterized in ISEs [38] , phosphate ionophore I and II, were selected for incorporation in optical sensing films.
The proposed optode-based dihydrogen phosphate sensor is based on an established coextraction equilibrium step [23] , where an appropriate fluoroionophore is required in the sensing film in addition to the phosphate-selective receptor. Upon contact with the sample, H 2 PO 4 -ions and hydrogen ions are mutually extracted into the polymeric phase for electroneutrality reasons, which leads to the protonation of the fluoroionophore according to the following scheme:
where Ind denotes the fluoroionophore, L the ionophore and X the dihydrogen phosphate ion. The resulting optode response function, i.e. the relationship between the sample activities of the ion a X -and a H + and the fluorescence signal may be approximated by the following equation [27] :
where (1-α) is the degree of protonation of the chromoionophore, K coex is the coextraction constant that describes equation 1, n is ion-ionophore complex stoichiometry, and subscripts T denote the total concentration of the indicated species.
The fluorescence signal is expressed as the mole fraction of unprotonated fluoroionophore, α, which may be approximately related to the fluorescence signal as:
where R, R min , and R max are the fluorescence intensity ratios (at two wavelengths) for a given equilibrium and at minimum and maximum protonation of the fluoroionophore, respectively.
Here, several types of optode films were studied. The influence of the chemical composition on their performances and selectivity is summarized in Table 1 .
Thus far, bis(2-ethylhexyl)sebacate (DOS, ε = 4.6 [39] ) has been the plasticizer of choice for ion-selective optode films and microsphere sensors [25, [27] [28] [29] [30] , owing to its relatively high lipophilicity. However, to facilitate the extraction of the hydrophilic dihydrogen phosphate ion into an organic optode phase, a plasticizer of higher polarity was required. These experiments were carried out at a pH of 4.7, under which conditions dihydrogen phosphate is the predominant form of phosphate. Chromionophore I (ETH 5294, pKa = 12.0) [40, 41] was used for initial characterization. In order to decrease the optode equilibration time, anion-exchanger sites (TDMAC) were incorporated into the optode composition (see also [23] ). It is well known that the measuring range of bulk optode-based sensors is normally quite narrow, especially if monovalent ions are measured. This range may be shifted by changing the optode composition, varying the sample pH and/or changing the fluoroionophore [23, 24] . Indeed, the use of the more basic fluoroionophore ETH 5350 (pKa of 13.4 [40, 41] ) shifted the optode films measuring range to a lower concentration, with an observed shift equal to ∆pKa as predicted by bulk optode theory [23, 24] . Figure 2 (bottom) illustrates the response characteristic and selectivity of optode films doped with ETH 5350/phosphate ionophore I/TDMAC. The data points were fitted to the theoretical curve with n = 2, confirming the complex stoichiometry reported earlier [34] .
Note that the experimental data points are in good agreement with theory (solid lines obtained using equation 2). The small error bars (n = 5) indicate good sensor reproducibility. The selectivity data, calculated as the horizontal difference between corresponding curves for the degree of protonation (1 -α) equal 0.5, are summarized in Table 1 . The selectivity coefficients are comparable to that of the corresponding ISEs [38] . The most interfering ion in physiological samples, chloride, was also well discriminated against.
Optode films doped with ETH 5350/phosphate ionophore II/TDMAC also exhibited an excellent response to dihydrogen phosphate. The calculated selectivity coefficients were slightly better (see Table 1 ) than those observed for sensors containing phosphate ionophore I. Unfortunately, these sensors were found to suffer from a limited lifetime (see also below).
Further attempts were made to tune the measuring range by applying a highly basic fluoroionophore. Unfortunately, the lipophilic fluorescein derivatives incorporated in plasticized PVC [42] were found to exhibit very poor fluorescence emission intensity. A number of preliminary experiments based on the inner filter effect utilizing films doped with ETH 7075 (chromoionophore VI) and DiOC 14 (3) were performed. Unfortunately, this approach resulted in nonfunctional optode sensors, i.e. no phosphate response was observed (data not shown).
An elimination of the anion-exchanger sites should lead to an increase in the ratio of uncomplexed to complexed ionophore in the sensing films, thereby further shifting the measuring range to lower concentrations. Figure 3 shows the recorded response characteristics toward dihydrogen phosphate for optode films doped with ETH 5350/phosphate ionophore I. Indeed, elimination of the ionic sites from the composition allowed us to shift the optode response range by about one order of magnitude in the desired direction. Note that the experimental data points are in very good agreement with the theoretically predicted curves. The expected selectivity pattern was also preserved.
However, the time required for full equilibration was much longer (ca. 40 min) compared to optodes containing TDMAC. This suggests an attractive catalytic function of the anion-exchanger, similar to what has been observed earlier with optical sensors for ethanol [43] .
From a practical standpoint, it would be desirable to perform measurements at physiological pH, rather than the value of 4.7 typically chosen for dihydrogen phosphate sensors. Uranyl salophene derivatives have been known to be highly selective dihydrogen phosphate carriers. However, ISE membranes doped with these compounds are known to suffer from a limited lifetime, mainly due to ionophore decomposition in contact with phosphate [44, 45] . An innovative attempt to extend the electrode lifetime has been reported by Wojciechowski et al. using an anion buffer in the internal electrolyte, leading to a siphoning off of phosphate from the membrane and hence increasing the chemical lifetime of the ionophore [38] If the optode films prepared here were constantly exposed to dihydrogen phosphate solutions, morphological changes of the films were observed, independent of the ionophore used. The films became cloudy and were no longer homogeneous (data not shown). A corresponding deterioration of the experimental data points from the theoretical curve was observed. This phenomenon was much more rapid in the case of optode-films fabricated with phosphate ionophore II and their life-time was no longer than 1 day. The loss of optode functionality was probably due to a combination of ionophore leakage (lower lipophilicity), plasticizer leakage, and ionophore decomposition upon contact with dihydrogen phosphate ions as reported earlier [38, 45, 46] .
The long term stability of the sensors was found to depend on the fluoroionophore structure. Chromionophore I is known to exhibit unstable behavior under some conditions [47] . Typically, ETH 5294 exhibits two emission peaks at λ = 648 and λ = 680 nm, which correspond to the deprotonation and protonation of the fluorophore, respectively.
Within a few hours a shoulder at λ = 610 nm became predominant, suggesting the decomposition of ETH 5294. The spectral changes were followed by the visible leaching of membrane components, as the contacting aqueous solution became green. Optodes cast with ETH 5350 did not exhibit such spectral changes. The loss of optode functionality was faster (2 days) in the case of sensors containing ion-exchanger sites, which is in agreement with phosphate induced destabilization of the ionophore because of the increased phosphate concentration in the sensing films under such conditions. The lifetime of two component optode sensors was enhanced to about 5 days (data not shown). The life-time of optode films cannot be directly compared to that of ISEs [38] because optode films were here continuously stored in dihydrogen phosphate solutions and optode films are significantly thinner compared to ISE membranes. This may not be a drawback in practical applications because there is no need to precondition optodes with the analyte as is often required with ISEs.
These studies formed the basis for the fabrication of microsphere optodes based on a ultrasonically vibrating dual stream casting apparatus reported previously [28] [29] [30] . Due to its high polarity and partial water solubility, o-NPOE could not be used for particle preparations (see also [27] ). To prevent plasticizer from leaching during the casting process, microspheres were cast using the more lipophilic o-NPDDE. Although two component optode films exhibited better working parameters (see above), optode microspheres of analogous composition were not found to be functional and no response toward dihydrogen phosphate was observed. Optode sensors were explored in preliminary experiments for the measurement of phosphate in sheep plasma samples, which has inorganic phosphate levels of around 1 mM. The phosphate level was examined for a series of diluted blood samples (1:100 and 1:20) buffered to pH 4.7 and samples prepared by standard addition using optode films and optode-microsphere sensors (see Table 2 ). For each dilution 3 samples were 
